The Dof (DNA binding with one finger) transcriptional activator rice (Oryza sativa) prolamin box binding factor (RPBF), which is involved in gene regulation of rice seed storage proteins, has been isolated from rice cDNA expressed sequence tag clones containing the conserved Dof. RPBF is found as a single gene per haploid genome. Comparison of RPBF genomic and cDNA sequences revealed that the genomic copy is interrupted by one long intron of 1,892 bp in the 5# noncoding region. We demonstrated by transient expression in rice callus protoplasts that the isolated RPBF trans-activated several storage protein genes via an AAAG target sequence located within their promoters, and with methylation interference experiments the additional AAAG-like sequences in promoters of genes expressed in maturing seeds were recognized by the RPBF protein.
Most plant species accumulate either globulins or prolamins in their seed storage tissues. Rice (Oryza sativa) and oat (Avena sativa) are unique among cereal crops in that they accumulate significant amounts (about 65%-85%) of glutelin and globulin as storage proteins in the endosperm. This is in contrast to other cereals that accumulate prolamins as their primary reserves. Rice glutelin and oat 12S globulins are homologous to leguminous 11S globulins, suggesting that these storage proteins are originated from a common ancestral gene . In other cereals, most of the prolamins contain conserved sequences in their regions designated A, B, and C domains, irrespective of divergence in M r and their overall sequences, constituting the superprolamin family (Shewry and Tatham, 1999) . It should be noted that these storage proteins are specifically synthesized and deposited to protein bodies in the endosperm in spite of the difference in their evolutional origins. Therefore, it is interesting to examine what molecular mechanisms are responsible for endosperm-specific expression, and to investigate whether there are common regulatory mechanisms between rice and other cereal storage protein genes.
The spatial-and temporal-specific expression of storage protein genes is primarily regulated at the transcriptional level. Cis-regulatory elements involved in the endosperm-specific regulation of cereal storage protein genes have been mainly characterized by producing stable transgenic plants or by transient expression assays using particle bombardment (Morton et al., 1995) . A number of consensus sequences such as the prolamin box (P box), GCN4, AACA, and ACGT motifs, among others, have been identified as elements that are critical in determining the endosperm specificity of cereal seed storage protein genes (Zheng et al., 1993; Takaiwa et al., 1996; Washida et al., 1999; Wu et al., 2000) .
A conserved element, referred to as the endosperm box, located 300 bp upstream of the transcriptional start site, has been found in many cereal prolamin genes (Forde et al., 1985) . The endosperm box has a bifactorial motif that is composed of the P box (TGTAAAG) and the GCN4 motif [TGA(G/C)TCA], which are separated by less than 10 nucleotides (Hammond-Kosack et al., 1993; Mü ller and Knudsen, 1993) . The GCN4 motif is recognized by endospermspecific basic Leu zipper (bZIP) trans-activators such as maize (Zea mays) Opaque2 (O2), wheat (Triticum aestivum) SPA1, barley (Hordeum vulgare) BLZ2, and rice RISBZ1 (Albani et al., 1997; Vicente-Carbajosa et al., 1998; Conlan et al., 1999; Onate et al., 1999; Onodera et al., 2001) . The P box has been reported to be recognized by a Dof (DNA binding with one finger)-type transcription factor (Vicente-Carbajosa et al., 1997) . Dof proteins are a group of plant-specific transcription factors that share a single highly conserved zinc finger motif named the Dof domain and have been associated with many biological processes (for review, see Yanagisawa, 2002 Yanagisawa, , 2004 . It has been reported that the Dof protein P-box binding factor (PBF) is implicated in trans-activation of cereal seed storage protein genes (Vicente-Carbajosa et al., 1997) . Similar types of PBFs have been isolated from barley and wheat, which were designated BPBF (Mena et al., 1998) and WPBF (Mena et al., 1998) . Maize PBF has also been shown to specifically interact in vitro with the bZIP protein O2 by protein-protein interactions.
We have characterized cis-regulatory elements required for endosperm-specific expression of glutelin genes Wu et al., 1998 Wu et al., , 2000 Washida et al., 1999) . Combinatorial interactions of at least three cis-elements containing a P box or ACGT motif, in addition to the GCN4 and AACA motifs as common essential elements, are required to confer endosperm-specific expression in the native promoter (Zheng et al., 1993; Takaiwa et al., 1996; Washida et al., 1999; Wu et al., 2000) . These glutelin gene cis-element arrangements are different from those found in many cereal prolamin genes. No typical bifactorial endosperm box composed of the P box and GCN4 motif is found in the glutelin genes.
It has been demonstrated that the GCN4 motif acts as a key regulatory element for determining tissuespecific expression, since a multimer of the GCN4 motif (with the minimum being a trimer) can confer endosperm-specific expression, and introduction of a mutation into the GCN4 motif of the native promoter alters expression patterns . In addition, the location and number of GCN4 motifs in glutelin promoters are strictly conserved. The GCN4 motif is recognized by at least five bZIP-type transcription factors, designated RISBZ1 to 5, in maturing seeds (Onodera et al., 2001) . RISBZ1 is the only functional transcription factor with activation abilities, whereas the others are suggested to be involved in specific regulation via heterodimerization with RISBZ1. A similar situation has been observed for the maize O2 and O2 hetrodimerizing protein1 (Pysh et al., 1993) . A Pro-rich activation domain has recently been identified at the N terminus of the protein (Onodera et al., 2001) . On the other hand, the number and location of the P box vary widely among glutelin promoters, suggesting that this element may not be critical for determining endosperm-specific expression.
In this work, a cDNA clone encoding a rice P-box binding factor (RPBF) was isolated by screening Rice Genome Project expressed sequence tag (EST) clones containing a conserved Dof domain. There are an estimated 30 Dof genes in rice (Lijavetzky et al., 2003) . The functional RPBF recognizing the P box in rice storage protein gene promoters was identified by its capacity to activate the expression of the rice glutelin and prolamin genes. We show that the RPBF gene is coordinately expressed with many seed storage protein genes irrespective of their involvement in regulation. This expression pattern is in marked contrast with maize and barley, because MPBF and BPBF precede the expression of storage protein genes. Furthermore, we demonstrate here that RPBF is involved in regulation in cooperation with RISBZ1 for not only many seed storage proteins but also some metabolic enzymes that are expressed in developing seeds.
RESULTS

Identification of the RPBF cDNA Clone
The rice seed EST databank was searched to isolate an endosperm-specific cDNA encoding the PBF. Only one out of an analyzed seven cDNA clones was identified as a candidate for the desired Dof class transcription factor, which was sequenced and designated as RPBF. The cDNA is 1,542 bp long, excluding the poly(A) tail, and contains an open reading frame encoding a potential protein of 373 amino acids with a predicted molecular mass of 36,843 D (Fig. 1A) . A deduced Dof domain, responsible for DNA binding, is located between amino acids 47 and 96 of the RPBF protein (Fig. 1A) . The Cys residues that are probably essential for formation of a zinc finger are located at positions 47, 50, 72, and 75 from the N terminus (Fig.  1A) . The amino acid sequence deduced from the RPBF cDNA sequence is closely related to barley BPBF and wheat WPBF (Fig. 1B) . The degree of overall amino acid sequence identities of the rice RPBF to barley BPBF, wheat WPBF, and maize PBF are 34.57%, 35.64%, and 26.23%, respectively, whereas the Dof domain regions are highly conserved (82.0%-84.0%; Fig. 1B ). It is interesting to note that the nucleotide sequence of RPBF (accession no. AK107294) is nearly identical with that of rice OsDof3 (accession no. AB028131), except for a deletion of a single guanine in OsDof3, resulting in a frame shift. This indicates that RPBF may be the same gene to the rice OsDof3. As shown in Figure 1B , the amino acid sequences downstream from position 338 share very little homology.
The accuracy of the RPBF sequence was confirmed by the rice whole genome sequence, which is now available.
To identify orthologs of PBF-class Dof genes in noncereal plants, we did a BLAST search with RPBF and MPBF using the region downstream of the Dof domain as the query sequence. No related genes could be detected in dicot species, thus indicating that the PBF-class Dof proteins are cereal-specific transcription factors.
Genomic Structure of the RPBF Gene
Southern-blot analysis of rice genomic DNA showed that RPBF is encoded by a single gene (data not shown). It is now clear that RPBF is located on chromosome 2. The RPBF genomic clone was isolated by screening a rice bacterial artificial chromosome genomic library using the region of the RPBF cDNA between positions 572 and 1,597 as a hybridization probe. The site of transcription initiation was determined by primer extension analysis using poly(A) mRNA from maturing seeds. The initiation site was mapped at position 22,036 from the ATG start codon (data not shown). There was no typical TATA box [TATA(A/T) A(A/T)] found near the initiation site of transcription. However, the TATTAAA sequence between positions 226 and 232 from the transcription initiation site may function as a recognition site for the TATA box binding factor sequence.
Based on a comparison of the RPBF cDNA and genomic DNA sequences, a single intron (1,896 bp) is located in the 5# noncoding region of the RPBF mRNA between positions 1130 and 12,025 from the transcriptional start site (Fig. 1A) . This intron is 15 bp longer than the one (1,881 bp) reported in the nucleotide database (accession no. AP005510), which may be because the genes are from different rice varieties (Nipponbare versus Shimokita) used for analysis.
Tissue Specificity of RPBF mRNA Total RNA and protein were extracted from embryo and endosperm of maturing seed (15 d after flowering [DAF] ), roots, and seedlings, and subjected to northernblot and western-blot analyses to examine the expression of RPBF. As shown in Figure 2 , A and B, RPBF is specifically expressed in the endosperm of maturing seed and is not detected in the other tissues. This endosperm-specific expression pattern is also seen with RISBZ1, a transcriptional activator that determines the endosperm specificity of storage protein genes (Onodera et al., 2001) , and the rice storage protein glutelin gene (GluB-1 mRNA/glutelin proteins). It was estimated by quantitative PCR that the RPBF transcript level is more than 10-fold higher than that of RISBZ1 (data not shown).
The level of RPBF transcription during seed maturation reaches a maximum level at 15 DAF, and then drops off toward seed maturation ( Fig. 2A) . This profile of temporal expression parallels was observed for the glutelin gene (GluB-1), but is in remarkable contrast with the expression of the RISBZ1, which was detected before RPBF and glutelin ( Fig. 2A) . Thus, the temporal expression patterns of the GluB-1 and the RPBF genes differ slightly from RISBZ1. The vertical arrows indicate locations of the Cys residues likely to be essential for formation of a zinc finger. BPBF is from barley, WPBF is from wheat (Mena et al., 1998) , MPBF is from maize (Vicente-Carbajosa et al., 1997) , and OsDOF3 is from rice.
We then examined whether the expression of RPBF in seed is induced following germination and whether its action is related to gibberellin (GA) synthesis, as is the case with barley BPBF (Mena et al., 2002) . As shown in Figure 2B , RPBF transcript levels rapidly increased after imbibition, reached a plateau 5 d later, and then declined. When embryoless seeds were treated with either 10 23 or 10 25 M gibberellic acid (GA 3 ), RPBF transcripts were induced (Fig. 2C) . These results suggest that expression of the RPBF gene was induced by GA in the endosperm during early germination.
RPBF and RISBZ1 Proteins Can Activate Transcription from the Promoters of Rice Seed Storage Protein Genes
To examine the ability of the RISBZ1 and RPBF proteins to activate transcription of storage protein genes, we performed transient assays using rice callus protoplasts. In general, an internal standard has been used in such transient assays to normalize the transfection efficiency and to precisely evaluate data. Therefore, we first carried out pilot experiments to examine whether there is virtual difference in results of transcriptional activation abilities when internal standard gene (ubiquitin/luciferase) was cotransfected or protein concentrations were used as normalization standard. These results virtually showed little difference between them (data not shown). Therefore, each transfection was carried out using same number of protoplasts and normalized by their protein concentration in individual series of experiments. The RISBZ1 or RPBF coding regions were expressed under the control of a Cauliflower mosaic virus (CaMV) 35S promoter and used as the effector plasmid (35S/RISBZ1 or 35S/ RPBF). Nine b-glucuronidase (GUS) reporter constructs directed by promoters from different storage protein genes were used: glutelin genes, GluA-1 (2827 to 111; Okita et al., 1989) , GluA-2 (2682 to 111; Takaiwa et al., 1987a) , GluA-3 (2897 to 111; Takaiwa and Oono, 1990a), GluB-1 (2199 to 123; Takaiwa et al., 1991) ; 16-kD prolamin gene (2931 to 21 from ATG; Qu and Takaiwa, 2004) ; 13-kD prolamin gene, NRP33 (2386 to 213 from ATG; Sha et al., 1996) ; 10-kD prolamin gene (2824 to 21 from ATG; Qu and Takaiwa, 2004) ; 26-kD a-globulin gene, Glb-1 (2340 to 173; Nakase et al., 1996) ; and 16-kD allergen (Alubmin) gene, RAG-1 (2472 to 126; Adachi et al., 1993) . Protoplasts derived from rice calli were transfected with reporters or cotransfected with reporters and effectors by electroporation.
As shown in Table I , both the RISBZ1 and RPBF effectors activated transcription from storage protein promoters except for induction of the RAG-1 promoter by RISBZ1. It should be noted that RISBZ1 gave rise to higher trans-activation from GluA-1, GluA-2, GluB-1, and the 16-kD prolamin promoter than RPBF, whereas higher trans-activation was observed from the GluA-3, NRP33, 10-kD prolamin and Glb-1 promoters by the RPBF effector. (Onodera et al., 2001 ) genes, the GluB-1 coding sequence and the RISBZ1-specific sequence corresponding to the region downstream of the Leu zipper were also used as probes. 25S rRNAs are shown as a loading control. B, Total protein from embryo and endosperm of 15 DAF seeds, roots, and seedlings was analyzed by western blot with anti-RPBF, anti-RISBZ1, and anti-glutelin GluB. Protein samples were separated on a 12.5% SDS-PAGE gel and stained with Coomassie Brilliant Blue (CBB). C, Total RNAs (7.5 mg) from imbibed seeds (top section) and from deembryonated half seeds incubated in the presence or absence of GA 3 (bottom section) were subjected to northern-blot analysis. The blot was probed with the RPBF-specific sequence. Times of imbibition and GA treatment are at the top of the section. To examine whether the RISBZ1 and the RPBF effectors trans-activate the storage protein genes cooperatively, protoplasts were cotransfected with both effector plasmids. The activation level of the GluA-1 promoter directed by cotransfection with RISBZ1 and RPBF was higher than the sum of the trans-activation levels directed by RISBZ1 and the RPBF individually. Similarly, these transcription factors gave rise to synergistic trans-activation from the GluA-2, GluA-3, GluB-1, NRP33, and Glb-1 promoters as well as GluA-1. It should be noted that RISBZ1 1 RPBF activated the RAG-1 promoter greater than RPBF alone, though RISBZ1 did not independently affect promoter activity.
It has been reported that maize cytoplasmic orthophosphate dikinase (ppdk) is a target of maize O2 and maize Dof activators (Maddaloni et al., 1996; Yanagisawa, 2000) . We next examined whether metabolic enzyme gene promoters could be trans-activated by RISBZ1 and RPBF. When Ala amino transferase (AlaAT) (2930 to 181; Kikuchi et al., 1999) and cytoplasmic ppdk (2738 to 167; Imaizumi et al., 1997) , which are highly expressed in the endosperm, were transfected with the RISBZ1 or RPBF effectors, activities were synergistically increased for the AlaAT promoter, whereas there was an additive effect with the ppdk promoter.
Identification of RPBF and RISBZ1 Protein Binding Sites
We have previously shown that RISBZ1 protein recognizes the GCN4 motif (TGAGTCA) between positions 2165 and 2159 of the GluB-1 promoter (Onodera et al., 2001) . We determined the binding sites of RISBZ1 on the NRP33 and the Glb-1 promoters using methylation interference experiments. Two regions of the NRP33 promoter that contain the GCN4 motifs, between positions 2279 and 2272, and 2158 and 2152 upstream from the translation initiation site, were found to be protected by RISBZ1 (Figs. 3 and 4; Supplemental Fig. 1 ). It should be noted that a motif similar to GCN4 (TGACACA) between positions 2296 and 2290 was also partially protected ( Fig. 4 ; Supplemental Fig. 1 ), indicating that RISBZ1 binds to canonic and variant GCN4 motifs with different affinities. The RISBZ1 protein also protects three regions of the Glb-1 promoter between positions 2340 and 173, which are located at positions 2254 to 2250, 2236 to 2232, and 2101 to 297 upstream of the transcription start site, and have been designated as GbR1, GbR2, and GbR3. These sites are not identical to the canonic GCN4 nor the ACGT core motifs. As candidate target sites for bZIP protein, however, all of them contain TG followed at a distance of up to 7 bp by CA (TGN x ffi 7 CA; Fig. 4; Supplemental Fig. 1 ). It is interesting to note that G residues flanked by the three protected sequences were partially protected by RISBZ1 ( Fig. 4 ; Supplemental Fig. 1) .
We then determined the binding sites of RPBF on these promoters. RPBF protein protects G residues between positions 2132 and 2127 of the GluB-1 promoter, whereas the P box [TG(T/A/C)AAAG] is found between positions 2138 and 2132 ( Fig. 4;  Supplemental Fig. 1 ). The two C residues 3# to the P box were partially protected, indicating that the CTTT sequence motif adjacent to the P box may be recognized by RPBF ( Fig. 4; Supplemental Fig. 1 ). The G residue 285 bp upstream of the NRP33 translation initiation site was protected by RPBF (Figs. 3 and 4). Although there was no typical P box around the G residue of NRP33 protected by RPBF, the G residue is present within the AAAG sequence motif that is a candidate target site for Dof-class proteins. The AAAG sequence motif between positions 2288 and 2285 of the NRP33 promoter is located only seven nucleotides upstream of the GCN4 motif, and thus was referred to as the P box. Together, the two motifs may form a bipartite motif corresponding to the endosperm box (Fig. 4) . It is notable that RPBF partially protects the G residues at 218, 110, and 109 bp upstream of NRP33 translation initiation site when the AAAG sequence motif is present ( Fig. 4; Supplemental Fig. 1) . Similarly, RPBF protects the region containing the CTTT sequence motif ( Fig. 4; Supplemental Fig. 1 ), between positions 2123 and 2120 of the Glb-1 promoter, and partially protects the G residues at positions 2302, 2245, 2181, 2154, and 2153, all of which are adjacent to or within the AAAG/CTTT sequence motif. It has been reported that the maize PBF and barley BPBF proteins specifically interact with an AAAG motif (P box) within the endosperm box (VicenteCarbajosa et al., 1997; Mena et al., 1998) . To examine whether the AAAG motif in the endosperm box is specifically recognized by the RPBF protein, electrophoretic mobility shift assay (EMSA) was performed for the GluB-1 promoter. Binding of the glutathione S-transferase (GST)-RPBF fusion protein to the 29 bp fragment containing the AAAG motif was detected as a retarded band (Fig. 5) . As shown in Figure 5 , a 29 bp sequence containing the AAAG motif was sequentially mutagenized by two bases, which were used as 100-fold molar excess competitor. The retarded band was abolished by the presence of 100-fold molar excess wild-type fragment. Mutagenized nucleotides introduced into any position of the AAAG motif as a competitor had little or no effect on binding of the native fragment, whereas introduction of mutations outside of the AAAG sequence resulted in the loss of the retarded band (Fig. 5) . Thus, mutations within the AAAG sequence motif were critical for the binding of RPBF, indicating that RPBF interacts with AAAG in a sequence-specific manner.
Contribution of RPBF and RISBZ1 Binding Sites to Trans-Activation of Rice Seed Storage Protein Gene Promoters
The ability of RPBF to activate expression from the P box was examined by transient assays in rice callus protoplasts. P-box trimers in the GluB-1 (TCGAGTT-CAATCTTGCAAAGTTGCCTTTC) and NRP33 (ACA-TAAAGT) promoters were fused to a 246 CaMV/GUS reporter gene. When trans-activated by RPBF, expression levels of the 3 3 P-box (GluB-1)/246 CaMV/GUS and 3 3 P-box (NRP33)/246 CaMV/GUS genes resulted in 3.1-and 1.6-fold increases, respectively (Table  II) . These results indicate that RPBF is able to at least partially activate the reporter genes through binding to the P box.
To investigate the extent to which RISBZ1 and RPBF binding sites are responsible for transcriptional activation, site-directed mutations were introduced into the RISBZ1 and RPBF binding sites of the GluB-1, NRP33, and Glb-1 promoters. As shown in Figures 4  and 6 , the GCN4 motifs and P boxes of GluB-1 and NRP33, and GbR1, GbR2, GbR3, and GbP of Glb-1 were eliminated by base substitutions and then mutagenized fragments were transcriptionally fused to the GUS reporter gene. Transcriptional activation of these reporter genes driven by the RISBZ1 and RPBF activators was assayed by transient expression. As shown in Figure 6 , a mutation in the GCN4 motif of the GluB-1 promoter resulted in about a 20-fold reduction of the activation level by the RISBZ1 activator. This mutation also caused a reduction in the level of trans-activation of the GluB-1 promoter by RPBF (23% of the intact promoter; Fig. 6 ). Elimination of the P box reduced the trans-activation level of the GluB-1 promoter by both RPBF (51% of the intact promoter) and RISBZ1 (61% of the intact promoter; Fig. 6 ). A mutation of the distal or proximal GCN4 motif of the NRP33 promoter reduced expression to 50% and 41% of the intact region, respectively, when driven by RISBZ1 (Fig. 6 ). These mutations also reduced trans-activation of the NRP33 promoter by RPBF (34% and 77% of the intact promoter, respectively; Fig. 6 ). Alterations in the P box of the NRP33 promoter reduced activation by both RPBF (19% of the intact promoter) and RISBZ1 (86% of the intact promoter; Fig. 6 ). Introduction of mutations into the GbR1, GbR2, or GbR3 motifs caused a 50% to 70% reduction in trans-activation of the Glb-1 promoter by RISBZ1 (Fig. 6) . Mutation of the GbR2 motif also reduced trans-activation of the Glb-1 promoter by RPBF (67% of the intact promoter), though mutations of the GbR1 and GbR3 motifs failed to significantly affect activation (Fig. 6) . Mutation of the GbP motif resulted in about a 30% reduction in the trans-activation of the Glb-1 promoter by RPBF, but did not significantly affect the RISBZ1 activation level (Fig. 6) .
The possibility of synergistic activation by RISBZ1 and RPBF co-trans-activation was also examined with the introduction of mutations into activator binding sites in the GluB-1, NRP33, and Glb-1 promoters. As shown in Figure 6 , when the GCN4 motif in the GluB-1 promoter was mutagenized, about a 10-fold reduction in trans-activation was observed. Even with such high suppression, this activation level (0.26) was much higher than the additive level of the individual RISBZ1 and RPBF activation levels (0.12), indicating a synergistic effect between the two proteins. However, when a mutation was introduced into the P box, transactivation by both effectors was enhanced to about the same level as intact promoter. This may be because the flanking CTTT RPBF binding site between positions 2127 and 2124 substituted for the mutagenized P box. Mutations in either the P box or GCN4 motifs in the NRP33 promoter depressed transcriptional activation by RISBZ1 1 RPBF effectors (37%-46% of the intact promoter). However, a synergistic effect directed by RISBZ1 1 RPBF was not abolished by any of these mutations. When mutations were introduced into the GbR1, GbR2, and GbR3 motif RISBZ1 binding Figure 5 . EMSA of RPBF protein with a P box in the GluB-1 promoter. Nucleotide sequences of oligonucleotides used as probe and competitors are depicted. WILD, 29 bp sequence containing a P box from the GluB-1 promoter (2152 to 2123); M1 to M6, 29 bp sequence with successive dinucleotide mutations. The P-box and AAAG motif are underlined and boxed, respectively. The GST-RPBF fusion protein was used for EMSA with the 29 bp sequence containing the P box. sites of the Glb-1 promoter, trans-activation levels by RISBZ1 1 RPBF resulted in levels of about 50% to 60% of the intact promoter, which were almost equal to the additive levels. A mutation in GbP of the Glb-1 promoter caused a 20% reduction in transcriptional activation by the RISBZ1 1 RPBF effectors, which was higher than the additive level.
To verify whether RISBZ1 and RPBF binding sites are sufficient to cause transcriptional activation synergism by RISBZ1 1 RPBF, the endosperm box (wild type: ACATAAAGTGAGTGATGAGTCATAATA) of NRP33 was fused to the 246 CaMV/GUS reporter gene. As a negative control reporter gene, the P box and GCN4 motif in endosperm box were mutagenized (M1: ACATAcccTGAGTGATGAGTCATAATA, or M2: ACATAAAGTGAGTcccccccccTAATA), and then fused to the reporter gene. The M1 endosperm box and M2 endosperm box lack a P box and GCN4 motif, respectively. As shown in Table III , expression of the wild-type endosperm box/246 CaMV/GUS gene was activated by RISBZ1 (15.2-fold), as well as by RPBF (1.3-fold). Activation levels of this reporter gene were further enhanced by cotransfection of the RISBZ1 and RPBF effectors, which produced much higher levels (62.6-fold) than the sum (16.4-fold) of activation levels obtained independently by RISBZ1 and RPBF (Table  III) . When a mutation was introduced into the P box, trans-activation levels were decreased to about 46% of the intact construct for RISBZ1 and RPBF, although little effect on activation level was directed by RPBF alone. On the other hand, a mutation in the GCN4 motif reduced RISBZ1-dependent expression levels, but failed to affect RPBF-dependent levels (Table III) . Either of these two mutations highly suppressed RISBZ1 1 RPBF synergism in transcriptional activation (Table III) .
Mutations introduced into RPBF binding sites caused a reduction of transcriptional activation by overexpressed RISBZ1 protein in the GluB-1 and NRP33 promoters. Similarly, mutations in RISBZ1 binding sites, i.e. GCN4 and GR2 motifs, also reduced transcriptional activation by RPBF ( Fig. 6 ; Table III) . We performed EMSA assays to test whether a mutation in either the RPBF or RISBZ1 binding sites caused a reduction in trans-activation by either RISBZ1 or RPBF as a result of lower affinities for target sites by the effector proteins. The intact (wild type) and mutagenized GluB-1 promoters (positions 2199 and 123) containing a mutation in the GCN4 motif (MG) or P-box motif (MP), were used as probes. As shown in Figure 7 , wild-type and MP GluB-1 promoters were bound by RISBZ1 with similar affinities based on the retardation of fragments, but MG promoters were not recognized. RPBF was able to bind not only to wild type and MG, but its binding to the MP GluB-1 promoter was significantly reduced. Binding to the MP promoter may be accounted for if the CTTT motif flanked by a mutagenized P box is used as a target site by RPBF. Similar work was carried out with the endosperm box in the NRP33 promoter. As shown in Figure 7 , the intact endosperm box in the NRP33 promoter (wild type) and the corresponding mutagenized endosperm boxes containing mutations in the P box (M1) or GCN4 motif (M2) were used as probes. RISBZ1 bound to wild-type and M1 endosperm boxes Table II . Transient expression assay of P-box motif/246 CaMV/GUS reporter genes in rice callus protoplasts Trimers of the P box in GluB-1 and NRP33 were fused to GUS genes and were electroporated into protoplasts in the presence of RPBF. The results shown are the mean 6 SD.
Reporter
Effector (Fold Induction) RPBF 3 3 P box (GluB-1)/246 CaMV 6.61 6 0.41 3 3 P box (NRP33)/246 CaMV 1.72 6 0.38 Figure 6 . Functional analysis of RISBZ1 and RPBF binding sites using a transient expression assay. Schematic diagrams of the proximal GluB-1 (2199 to 123), NRP33 (2386 to 213), and Glb-1 (2340 to 173) progenized promoters, each carrying one mutated site (marked with an X), were designed for loss-of-function assays. These promoters were linked to the GUS reporter gene and electroporated into protoplasts in the presence of RISBZ1, RPBF, or RISBZ1 1 RPBF. Expression of a GUS reporter gene in the presence of the RISBZ1 was used as a control (100%). Relative GUS activities with reference to each wild-type promoter activity are shown in parentheses. RISBZ1 binding sites are the GCN4 motif, GbR1, GbR2, and GbR3. RPBF binding sites are the P box and GbP. at almost equal affinities, but not to the M2 endosperm box. RPBF binds to wild-type endosperm and M2 endosperm boxes, but not to M1 endosperm. These results suggest that mutations in RPBF or RISBZ1 binding sites may not lead to a reduction in the affinity of the endosperm box for RISBZ1 or RPBF.
DISCUSSION
We have characterized the rice PBF Dof zinc finger transcription factor that activates the expression of a number of storage protein genes through binding to the AAAG or CTTT sequences in their promoters. The ability of RPBF to trans-activate and bind to specific sites in several seed genes is implicated in seedspecific expression not only of storage protein genes, but also of some metabolic enzyme genes such as AlaAT and ppdk. Rice PBF is an ortholog of maize PBF and barley BPBF Dof proteins, an endosperm-specific protein which binds to the P box (TGTAAAG) and its derivatives. Furthermore, it has been proposed that RPBF may be identical to the OsDof3 characterized as an activator of GA regulation, because their cDNA sequences are nearly identical, altered at only one position, which results in a different C terminus due to a frame shift. The difference between RPBF and OsDof3 primary sequences might be due to a sequencing error of OsDof3 or a nucleotide polymorphism between rice varieties (Shimokita/Nipponbare versus Yukihikari), because Southern-blot analysis of rice genomic DNA using RPBF/OsDof3 specific sequence showed that RPBF/OsDof3 is encoded by a single gene (data not shown). An OsDof3 cDNA clone was isolated from the aleurone cells of germinating seeds and has been reported to be involved in up-regulation of hydrolase-encoding genes such as carboxypeptidase 3 or a-amylase promoters expressed in aleurone cells following germination. The binding site of OsDOF3 is a pyrimidine box in GA-responsive elements (Washio, 2001 (Washio, , 2003 . A similar induction of OsDof3 transcripts in GA-treated seeds was observed from RPBF (Fig. 2) . Although the involvement of OsDof3 in seed protein gene regulation has, to our knowledge, not yet been reported, it can be concluded that RPBF corresponds to OsDof3. Therefore, there is a possibility that GA is implicated in the quality control of rice seed development via the RPBF function.
The RPBF gene is specifically expressed in endosperm tissue and its mRNA is not detected in leaf, roots, stem, pericarp, nor young spikes before flowering. It is noteworthy that the temporal expression Table III . Transient expression assay of endosperm-box motif/246 CaMV/GUS reporter genes in rice callus protoplasts
The endosperm box (WT: ACATAAAGTGAGTGATGAGTCATAATA) of NRP33 was fused to a 246 CaMV/ GUS reporter gene. An endosperm box containing a mutation either in the P-box (M1: ACATAcccTGAGT-GATGAGTCATAATA) or GCN4 motif (M2: ACATAAAGTGAGTcccccccccTAATA) was used as a negative control. Each of the reporter genes was electroporated into protoplasts in the presence of RISBZ1, RPBF, or RISBZ1 1 RPBF. The results shown are the mean 6 SD.
Reporter
Effector (Fold Induction) Figure 7 . EMSA of RISBZ1 and RPBF with the GluB-1 promoter and endosperm box in the NRP33 promoter. DNA fragments, corresponding to the intact GluB-1 promoter (positions 2199 and 123; WT) and to the GluB-1 promoter containing a mutation in either the GCN4 motif or P box (MG or MP), were used as probes. The oligonucleotides, corresponding to the intact endosperm box in the NRP33 promoter (WT) and to the endosperm box containing a mutation in either P-box (M1) or GCN4 motif (M2), were used as probes. The 6xHis tagged RISBZ1 and 6xHis tagged RPBF fusion proteins were used for EMSA with the NRP33 promoter.
pattern of RPBF during seed development is very similar to that of the storage protein glutelin gene. This expression pattern is slightly different from those of maize and barley PBFs, which precedes the expression of storage protein genes (Vicente-Carbajosa et al., 1997; Mena et al., 1998) . Therefore, these results indicate that RPBF is a unique transcription factor among cereal seed PBFs. The coordinated expression with storage protein genes suggests that RPBF may not be a critical transcription factor controlling the expression of storage protein genes, but may act as an accessory activator that is involved in seed-specific expression of storage protein genes by interaction with other central transcription factors regulating the expression of seed storage genes. It has been reported that the PBFs from maize and barley recognize either an AAAAG or a TAAAG motif in the highly conserved P box of the endosperm box as the target sequence in the promoters of seed storage protein genes (Vicente-Carbajosa et al., 1997; Yanagisawa and Schmidt, 1999; Onodera et al., 2001 ). We have shown by methylation interference experiments that G residues of both strands covering the 5# (T/A)AAAG 3# or 5# CTTT(T/A) 3# motifs at multiple sites in the GluB-1, Glb-1, and NRP33 promoters were specifically protected by the RPBF protein. Base-specific recognition by RPBF was also confirmed by competition experiments using a 100-fold molar excess of mutagenized fragments. When mutations were introduced into the AAAG motif, binding was abolished. It has been reported that the flanking sequences of the binding site core motif (AAAG) of many types of Dof zinc finger transcription factors determine specificity of expression (Yanagisawa and Schmidt, 1999) . DNAbinding selection experiments for maize PBF revealed that the (A/T)AAAG core sequence was preferentially recognized (Yanagisawa and Schmidt, 1999) . When the binding sites of RPBF were identified within the GluB-1, NRP33, and Glb-1 promoters, it was determined that most of the binding sites were (A/T)AAAG, except for the sites (CAAAG and CTTTC) between positions 2136 and 2132 and between positions 2127 and 2123 of the GluB-1 promoter. We previously reported that the binding activity of nuclear proteins from maturing endosperm, interacting with the sequence between 2130 and 2120 of the glutelin GluA-2 promoter, was closely correlated to the levels of glutelin mRNA during seed maturation (Takaiwa and Oono, 1990b) . Levels of transcription factors gradually increased and reached a peak at 15 DAF, and then declined toward seed maturation. The CTTTC sequence was found in this sequence, suggesting that this site may be recognized by RPBF. It should be noted that such binding activity changes during seed maturation were very similar to the temporal pattern of RPBF mRNA levels during seed maturation. Furthermore, it was demonstrated that the region between 2437 and 2317 has a TAAAG RPBF target site that is responsible for quantitative regulation of the glutelin GluA-3 gene . Endosperm-specific expression was observed when this region was fused to a 290 truncated CaMV promoter. We previously showed that this region contains general positive and negative elements, and is involved in suppressing expression in nonendospermic tissues. It was suggested that the TAAAG and AACA elements act as general positive and specific negative regulators during seed maturation, respectively. These results suggest that binding of the RPBF protein to the AAAG target site may be involved in quantitative regulation of seed-specific expression of storage protein genes.
The function of the RPBF protein has been suggested by loss-of-function analysis of its binding site using homologous stable transgenic rice. Mutation of the P box in the minimal region (from 2199 to 123) of the glutelin GluB-1 promoter, which confers endospermspecific expression, suppressed its promoter activities without altering endosperm-specific expression (Wu et al., 2000) . This result also indicates that interaction of the RPBF and the P box is involved in controlling the quantitative level of seed storage gene expression. Seed storage protein promoters contain multiple copies of AAAG or CTTT motifs. It is interesting to note that trans-activation levels driven by RPBF may be related to the number of these binding sites. Transactivation levels by RPBF in the NRP33 and Glb-1 promoters were higher than that in the GluB-1 promoter. One major and two or three minor binding sites were detected within these promoters by methylation interference experiments (Figs. 3 and 4; Supplemental Fig. 1 ). Trans-activation levels by the RPBF effector were examined for 2.3, 1.3, and 0.2 kb GluB-1 promoters, which included 26, 18, and four tentative AAAG motifs, respectively, and it was shown that transcription levels were reduced depending on the number of RPBF binding sites (data not shown). It is notable that only one GCN4 motif is present irrespective of differences in the length of the promoter used. These results suggest that binding of RPBF to the AAAG motif, in a dose-dependent manner, may be responsible for quantitative regulation of seed-specific genes.
In many cereal prolamin promoters, the P box (or endosperm motif) and the GCN4 motif are linked, and are then designated as the endosperm box. The GCN4 motif is the binding sequence of bZIP proteins such as maize O2, wheat SPA 1, barley Blz2, and rice RISBZ1. The close linking of two motifs (bifactorial motifs) is limited to cereal prolamin genes, including the rice 13 and 16 kD prolamin promoters, and is not found in many other rice seed storage protein promoters containing glutelin and 26 kD globulin genes. In the case of the GluB-1 promoter, these motifs are separated from each another by about 25 bp, which is in contrast to the less than 10 bp of prolamin promoters. Typical pairing of the two motifs has not been found in the Glb-1 promoter.
Interactions between O2-like bZIP and PBF-like Dof proteins, which recognize the GCN4 motif and P box, respectively, have been reported in some cereal storage protein genes. Combinatorial interactions between these two activators in the transcriptional apparatus have been demonstrated to confer a synergistic effect on the expression of storage protein genes. When the RISBZ1 and RPBF activators were cotransfected with the storage promoter/GUS reporter gene, transactivation abilities were much higher than the additive increase provided individually by RISBZ1 and RPBF, thus indicating that there is a synergistic interaction between RISBZ1 and RPBF. A 1.3-to 5.5-fold increase in trans-activation activity over additive levels directed by individual RPBF and RISBZ1 activators was observed for the seed storage protein promoters (Table I ). The highest synergistic enhancement was detected in the NRP33 promoter and the lowest was in the glutelin GluA-3 promoter. Such synergistic interactions may be related to the number of potential binding sites for RPBF and RISBZ1, and distance between a potent GCN4 motif and P box. As shown in Figures 4 and 6 , there is only one endosperm box in which the GCN4 motif is separated from the P box by 25 bp, and an additional P box in the 0.2 kb GluB-1 promoter. On the other hand, the NRP33 promoter has one typical and two truncated P box, and two typical and one truncated GCN4 motifs, respectively. These two typical motifs between positions 2288 and 2271 form a bipartite endosperm box linked to each another by 7 bp. In the case of the 0.4 kb, 16 kD prolamin promoter, one bipartite endosperm box linked by 7 bp and three additional P boxes are present, whereas the 0.8 kb, 10 kD prolamin promoter has one endosperm box composed of the GCN4 motif and P box linked by 37 bp and 18 members of the P box. It should be noted that much higher synergistic interactions (5.2-and 5.5-fold) than additive levels were observed for the NRP33 and 16 kD prolamin promoters, whereas the GluB-1 and 10 kD promoters exhibited lower synergistic interactions (1.6-and 2.7-fold). These results suggest that the distance between two motifs may be related to the interactions of bZIP and PBF transcription factors leading to synergistic activation, rather than to their number.
Full activation capacity may depend on the presence of an intact P box in the vicinity of the target site of the GCN4 motif. The Dof domain is known to be a bifunctional domain that mediates not only DNA binding but also protein-protein interactions. The Dof domain and bZIP of the bZIP protein may be responsible for these interactions. Protein-protein interactions between the bZIP O2 and PBF of maize were examined by pull-down assays (VicenteCarbajosa et al., 1997) . Although we do not yet have evidence confirming this type of protein-protein interaction between RISBZ1 and RPBF by EMSA (data not shown), functional analysis of their binding sites, in which mutations introduced into them failed to abolish trans-activation synergism by the RISBZ1 1 RPBF complex, indicated the presence of direct interaction in vivo. In addition, there remains a possibility that such interaction may give rise to more efficient DNA binding, resulting in their synergism. It has been reported that barley PBF interacts not only with bZIP BLZ2, but also with the GAMYB transcription factor (Diaz et al., 2002) . The AACA motif conserved in all glutelin promoters is one key regulatory motif controlling the endosperm-specific expression, which may be the target site of GAMYB. Therefore, combinatorial interactions between RPBF and GAMYB were examined by cotransfection of RPBF and GAMYB with the 0.2 kb GluB-1 promoter linked to GUS, which did not reveal any significant synergistic trans-activation, indicating little, if any, interaction between them (data not shown). Because rice GAMYB mRNA levels are negligible during seed maturation (data not shown), synergistic interactions of transcription factors regulating seedspecific expression in rice may be different from other cereals.
It has been demonstrated in transgenic rice that the GCN4 motif is the key regulatory element determining endosperm-specific expression, since trimers of the GCN4 motif in the GluB-1 minimal region are capable of conferring endosperm-specific expression . On the other hand, multimers of the P box are not sufficient to confer seed-specific expression in stable transgenic rice (Wu et al., 2000) . Thus, the RISBZ1 protein, recognizing the GCN4 motif, may act as a key transcription factor in determining endosperm-specific expression. Furthermore, the timing of RISBZ1 transcript appearance, coming before storage protein mRNAs, is a reasonable clue to what might be a critical activator in controlling seed storage protein genes, and is consistent with the possibility that RISBZ1 may be implicated in regulation of RPBF via protein-protein interactions and direct binding to target sites of seed storage protein promoters.
Present results suggest that the newly characterized RPBF plays an important role as an activator involved in quantitative regulation by combinatorial interactions with RISBZ1 in determining endosperm-specific expression. Rice RPBF is different from other cereal PBF proteins in several regards, such as temporal regulation and interactions with other transcription factors such as GAMYB. Further work on uncovering the underlying mechanisms of protein-protein interactions and characterizing its activation domain will be required to understand the synergistic interactions between transcription factors. Yanagisawa et al. (2004) have recently demonstrated that expression of the Dof1 transcription factor, which is involved in the expression of multiple genes associated with organic acids, enhanced nitrogen assimilation and exhibited better growth under low nitrogen conditions in transgenic plants. This result suggests that the RPBF transcription factor could be used as a metabolic engineering tool for the improvement of rice grain quality and quantity. Further work on transgenic rice lines that overexpress RPBF will be required to assess this possibility.
MATERIALS AND METHODS
Plant Materials
Rice (Oryza sativa cv Mangetsumochi) was germinated in tap water; 14-d-old leaves and roots were frozen in liquid nitrogen and stored at 280°C until use for RNA extraction. Developing seeds were harvested from field-grown rice.
GA Treatment
To examine the effect of GAs on RPBF transcription, seeds (cv kitaake) were dehusked and deembryonated and incubated in 20 mM CaCl 2 and 10 23 or 10 25 M GA 3 in the dark at 30°C.
Identification of the RPBF cDNA Clone cDNA clones containing the Dof domain were screened from rice ESTs of the National Institute of Agrobiological Sciences (NAIS) DNA bank using the BLAST algorithm. Seven cDNA clones were identified and provided by T. Sasaki (NAIS).
Screening of a Rice Genomic Library
To determine the genomic structure coding for full-length RPBF, a rice bacterial artificial chromosome genomic library was screened using the region coding for the C-terminal portion downstream of the Dof domain of the RPBF cDNA clone. Labeling of the DNA fragment and hybridization were carried out using an ECL direct nucleic acid labeling and detection system (Amersham-Biosciences).
Northern-Blot Analysis
Total RNA from roots, seedlings, and seeds was isolated as described (Takaiwa et al., 1987b) . Blots were probed using the DNA fragment encoding the C-terminal portion (between positions 511 and 1,218) downstream of the Dof domain of the RPBF cDNA clone (accession no. AK107294). Hybridization was carried out at 45°C in 50% formamide, 5 3 SSC, 0.1% SDS, and 5 3 Denhardt's solution and then washed twice at 55°C in 0.1 3 SSC and 0.1% SDS for 30 min each.
Western-Blot Analysis
Total proteins were extracted from a fine frozen powder of tissues with SDS/urea buffer (4% SDS, 8 M urea, 5% 2-mercaptoethanol, 50 mM Tris-HCl pH 6.8, 20% (v/v) glycerol; 10 mg powder per 100 mL) as described (Tada et al., 2003) . Proteins were fractionated by SDS-PAGE (Laemmli, 1970) and electroblotted onto Immobilon-P (Millipore) using a Mini Trans-Blot Cell (Bio-Rad). The membrane was blocked by incubation in Tris-buffered saline plus Tween 20 (TBST; 25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20) containing 5% nonfat dried milk for 1 h at room temperature, and then incubated with blocking buffer containing antiserum (1 mg/mL) for 2 h at room temperature. After three washes with TBST for 10 min each, the membrane was incubated with the secondary antibody (a 1:3,000 dilution of horseradish peroxidaseconjugated anti-rabbit IgG; Cell Signaling Technology) in blocking buffer for 1 h at room temperature, and washed three times in TBST for 10 min each. Signal bands were detected using the ECL detection system (AmershamBiosciences).
